Despite the development of experimental methods capable of measuring early human color vision, we still lack a procedure comparable to those used to diagnose the well-identified congenital and acquired color vision anomalies in older children, adults, and clinical patients. In this study, we modified a pseudoisochromatic test to make it more suitable for young infants. Using a forced choice preferential looking procedure, 216 3-to-23-mo-old babies were tested with pseudoisochromatic targets that fell on either a red/green or a blue/yellow dichromatic confusion axis. For comparison, 220 color-normal adults and 22 color-deficient adults were also tested. Results showed that all babies and adults passed the blue/yellow target but many of the younger infants failed the red/green target, likely due to the interaction of the lingering immaturities within the visual system and the small CIE vector distance within the red/green plate. However, older (17-23 mo) infants, color-normal adults and color-defective adults all performed according to expectation. Interestingly, performance on the red/green plate was better among female infants, well exceeding the expected rate of genetic dimorphism between genders. Overall, with some further modification, the test serves as a promising tool for the detection of early color vision anomalies in early human life.
Introduction
Both behavioral and electrophysiological experiments show that human color vision appears very immature at birth (Adams, 1998) , but develops quite rapidly over the first few months of life (Crognale et al., 1998; Morrone, Fiorentini, & Burr, 1996; Teller, Civan, & Bronson-Castain, 2004; Teller, Pereverzeva, & Zemach, 2006) . For instance, by 3 months of age, infants can make a variety of chromatic discriminations, perhaps most importantly, even those that color-deficient adult protanopes, deuteranopes, and tritanopes remain incapable of making. This suggests that infants possess both the functional short-, mid-, and long-wavelengthsensitive cone systems in the retina and the requisite neural opponent channels within the developing central nervous system.
Despite the development of experimental methods capable of evaluating early color vision (Crognale et al., 1998; Teller, Pereverzeva, & Zemach, 2006) , these procedures remain either very time consuming or expensive and thus, are not currently a practical option for the clinical assessment of color vision in individual infants and young children. Moreover, even if they were feasible, the existing procedures do not share a common format with any of the standardized diagnostic tests of color vision used currently for older children, thus limiting any direct comparability and clinical interpretability. The lack of an available screening test to detect early color vision anomalies is a shortcoming for several important reasons. First, within the spectrum of visual disorders, the incidence of color vision deficits is relatively high, especially among Caucasian males who show a prevalence rate of about 8% for all forms of color deficiency (Neitz & Neitz, 2001; Sharpe et al., 1999; Ver Hoeve, France, & Bousch, 1996) . Given the importance of color in an infant's visual environment, parents, early childhood educators, and pediatricians are very interested in the early detection of color vision anomalies. Second, the occurrence of color deficits can serve as a marker of more serious visual system pathologies such as cone dystrophy, macular degeneration, retinal detachment, glaucoma, CNS tumors and optic nerve lesions, as well as systemic diseases such as diabetes and acute circulatory conditions (Ver Hoeve, France, & Bousch, 1996) . Third, color vision deficits can be markers of acute nervous system damage as a result of head trauma, drug overdose, metabolic or pharmacologic imbalances, and exposure to environmental toxic agents (Till et al., 2005) .
The current gold standard test for measuring adult red/green color vision is the Nagel anomaloscope which requires the subject http://dx.doi.org/10.1016/j.visres.2014.04.006 0042-6989/Ó 2014 Elsevier B.V. All rights reserved.
to simultaneously adjust a red (670 nm) and green (535 nm) mixture against the luminance of a second 589 nm yellow field, in order to achieve a precise color and brightness match between the two stimuli. Although very accurate in its determination of color anomalies, this meticulous process is difficult even for older children (Birch, 1993) . Moreover, the required equipment is somewhat cumbersome and is very expensive. A second class of more portable and cheaper alternatives include the reliable and valid Farnsworth 100 hue test and its shortened version, the D15 panel. However, the cognitive demand of arranging even the D15 color chips in a predefined spectral order is a daunting task for preschool children.
Although there have been some valid attempts to develop a diagnostically oriented electrophysiological test (e.g., the spatiotemporal VEP; Crognale et al., 1998) , the only form of conventional color vision test to succeed with a wide variety of young children, are those based on the pseudoisochromatic principal. In these tests, a target stimulus (e.g., a number) configured with discs of one hue is embedded within a background array of discs representing a second hue. The critical aspect of any pseudoisochromatic test is that the target and background hues each represent relative chromaticities that fall precisely on one of the isochromatic confusion axes defined by the three forms of adult dichromacy, namely protanopia, deuteranopia, or tritanopia. Thus, dichromats find the targets impossible to discriminate, as do many of those with moderate to severe forms of anomalous trichromacy (Birch, 1993) . To help disguise the target and prevent those with true color anomalies from detecting it based on extraneous cues (notably, brightness differences), the discs composing both the target and background hues vary slightly in their respective brightness and saturation. To complete the test, the patient needs only to name, point at, or simply trace the target, responses that even most preschoolers should be capable of performing.
The Ishihara plates are certainly the best known among pseudoisochromatic tests, boasting both the longest clinical history and high sensitivity and specificity (Birch, 1993 (Birch, , 1997 . Several studies (Birch & Platts, 1993; Choi & Hwang, 2009) have reported that about 90% of 3-year-olds can successfully trace Ishihara patterns, although other studies report much less success at this age particularly among children who have just entered the third year (Mäntyjärvi, 1991) . Other pediatric-oriented variants of the Ishihara plates have emerged, notably the Hardy Rand Rittler, KojimaMatsubara, Dvorine, Guy's, and Velhagen plates (Birch, 1993; Birch & Platts, 1993; Lee, Cotter, & French, 1997) , and these tests have had some success with preschoolers. The most recent of these tests, the Color Vision Testing Made Easy (CVTMET), employs simple child-oriented pseudoisochromatic targets such as a boat, star, or a dog. Results show excellent success with young children (Cotter, Lee, & French, 1999) . Moreover, empirical studies with adults tested with both an anomaloscope and the CVTMET show that it achieves 100% specificity and 91% sensitivity, results identical to those for the more cognitively demanding Ishihara plates. Although the CVTMET can be simplified to a forced-choice format, no study has ever demonstrated its success with younger preschoolers or with infants. Interestingly, when modified and utilized with an operant reinforcement paradigm, the CVTMET has been used to successfully evaluate color vision in horses (Hanggi, Ingersoll, & Waggoner, 2007) . Therefore, it is possible that this test procedure may be applicable for very young pre-verbal children, although the time required to test an individual patient would likely be prohibitive within a clinical setting.
The only reported pseudoisochromatic color vision test designed specifically for infants is the hand-held Pease and Allen (1988) pseudoisochromatic plates. The target within each plate is a simple 5 cm Â 5 cm square array of discs embedded within the left or right side of a larger 30 Â 10 cm background. Detection of the target is determined by an observer-based two alternative forced choice preferential looking procedure (Teller, 1979) , much like that employed for the highly successful Teller acuity cards, now the clinical standard for assessing visual acuity in infants (McDonald et al., 1985) . The Pease and Allen test consists of four plates: (1) a chromatic target/background combination with respective hues that fall on a red/green dichromatic confusion axis, (2) a chromatic plate representing hues that fall on a tritanopic blue/yellow axis, (3) a demonstration plate to present infants with an easily discriminable achromatic target/background, and (4) a plate with no discernible target. This latter ''control'' card is used to gauge an infant's response when presented with a presumably indiscriminable stimulus. Interestingly, although ultimately designed for non-verbal patients, the Pease and Allen plates were tested previously only with adults and 3-to-6-year-olds, with both groups showing excellent validation statistics against respective diagnostic gold standards. To date, there is still no reported testing of children under the age of 2, the primary intended patient population. In the present investigation, we test across a broad infantile age range, the utility of a modified, more infant-friendly version of the Pease and Allen test, namely plates with larger elements and overall size. For verification purposes, we also evaluated the Pease and Allen plates with color-normal adults as well as those with identified color deficiencies. If successful, such results would be an important step in the development of a tool required for the much needed goal of assessing and diagnosing the presence of early congenital, environmental, and disease-based color vision deficiencies.
Methods and materials

Participants
The participants were 216 healthy 3-to-23-month-old human infants (M age = 13.6 months; 106 females, 110 males). Almost all of the infants were Caucasian. At birth, infants weighed a minimum of 2500 g, were at least 38 weeks gestation, and have since had no reported neurological abnormalities. In addition, 220 color-normal adults (age = 18-45 yr; 112 female, 108 male) and 22 adults (19 male, 3 female; M age = 29 yr) with verified color deficiencies were also tested. All subjects were volunteers and were recruited by direct hospital contact, word of mouth, phone, email, or by campus posters and announcements. The study protocol was approved by the appropriate university committee for ethics in human research, and informed consent was obtained from all participants.
Stimuli and apparatus
To better adapt it for infants, a modified version of the Pease and Allen (1988) pseudoisochromatic plates was constructed. Importantly, our version used the same Munsell hues as the original test but there were several physical differences. First, in order to save time which is critical in work with infants, the number of plates was reduced from four to three. Pilot work had indicated that the blank or control plate was unnecessary, as infant behavior which indicated non-discrimination of a target (i.e., a nonresponse) was very clear to experienced observers. In most cases, a non-response (no preference) was represented by several consecutive trials of an infant quickly looking at the card and then looking away, thus failing to reliably fixate on one side of the card at any point during the observation. Second, to enhance the salience of the plates, and to make them more comparable to the stimuli used in other hand-held preferential looking tests [e.g., the Teller acuity cards (McDonald et al., 1985) , or the contrast sensitivity cards (Adams et al., 1992) ], the overall size of each pseudoisochromatic plate was increased from 30 cm Â 10 cm (300 cm 2 ) to 45 cm Â 18 cm (810 cm 2 ), and the target size was increased substantially from 5 cm Â 5 cm (25 cm 2 ) to 13cmÂ 13 cm (169 cm 2 ). Finally in order to adjust for infants' relatively poorer visual acuity, the diameter of discs within each array was increased from 6 mm (28.3 mm 2 ) to 7 mm (38.5 mm 2 ). The test consisted of an achromatic ''demonstration'' plate and two chromatic ''test'' plates. The demonstration plate contained a target that should be easily discriminable from the background and thus, it served to familiarize the observer with the infant's eye movements in response to a visible target. Specifically, the background of the demonstration plate appeared as a rectangular matrix of discs representing one of two shades of mid gray, cut mechanically from either N6 or N7 Munsell matte paper. Within each row on the matrix, the sequential arrangement of the two shades of gray was determined randomly. Embedded within the left or right side of the plate was the target in the form of simple square. The target was composed of gray Munsell discs that were either much brighter (N 9.5) or much darker (N3) than the background array. Again, the arrangement of the discs was determined randomly. On average, the contrast between the target and the background was 35-40%, as measured with a CalSpot 401 photometer (Cooke Corp., London, ON, Canada). These contrast levels were well above threshold for infants, even for infants as young as 3 months . The central-most edge of the square target was located 8 cm from a central peephole through which an observer gauged the head and eye movements of the infant.
The two chromatic test plates were configured in the same way as the demonstration plate, but instead contained respective target/background Munsell hues which fell on either a red/green (R/ G) or a blue/yellow (B/Y) confusion axis. Interestingly, as both the red/green and blue/yellow axes intersect at the same location within the C.I.E. (1931) color space (x = 0.30, y = 0.28), the chromatic characteristics of the two Munsell discs composing the background (Munsell 5P 6/4 and 5P 7/4) were common for both of the chromatic plates. However, as the chromatic test targets are designed to fall on respective confusion axes, they differed between the two plates. For the red/green plate, the square target was composed of discs representing the Munsell hues 7.5 PB 6/4 and 7.5 PB 7/4. For the blue/yellow plate, the discs were formed with Munsell hues 2.5GY 6/4 and 2.5GY 7/4. Note that for the R/ G plate, the relative chromaticities of the target and background fell on a point in the color space common to both a protanopic and a deuteranopic confusion line. As a result, either type of R/G dichromat or strong anomalous trichromat would be expected to have difficulty detecting the R/G target. See Table 1 for a complete description of the chromatic characteristics of the stimuli used in the Pease and Allen plates. To prevent distractions and hide the observer from the infant's view, the plates were presented in a 45 cm Â 18 cm opening within a large (500 cm Â 400 cm) 3-panel gray screen that approximated the average luminance of the plates.
Procedure
Testing was conducted binocularly under 6500°K florescent lights, an illuminant that approximates natural northern sunlight and is the standard for which Munsell papers are designed and calibrated. The procedure is modeled very closely on that designed for the now universally-adopted Teller acuity cards (McDonald et al., 1985) as well as other single-observer modified forced-choice preferential tests designed for other visual functions (Drover et al., 2002; Mercer, Courage, & Adams, 1991) . To begin the procedure, the adult observer (O) was seated behind the screen and the infant was seated on the parent's lap so that the infant's eyes were 45 cm away from the opening in the screen. It is very important to note that during the entire procedure, the O was not permitted to look at the side of the plate containing the stimuli until testing with that plate had concluded and thus, only after s/he had made a confident and final yes/no decision about the detectability of the target. Also, the O did not know the location of the target beforehand, as the plates were placed into position by a second lab assistant at an earlier time.
In order for the observer to become familiar with each infant's individual behavior, testing always initiated with the achromatic and presumably ''easily visible'' demonstration plate. Order of the two subsequent chromatic plates was randomized across babies. To begin the testing, the O took the card, laid it face down on his/her lap and then placed his/her face in the opening of the screen and used vocalizations and facial expressions to attract the infant's attention to the center of the opening. At this point, the O quickly placed the plate in the opening and observed the baby's head and eye movements through the plate's central 1 cm peephole. Based on the baby's behavior the O made a tentative decision about the location of the target (left, right, or no preference). The O then quickly attracted the infant's attention and repeated the presentation, often by rotating the left/right position of the plate 180°to place the presumed target on the opposite side of the baby's view. Note also that these rotations were made in a pseudo-random fashion so as not to create a consistent left-right pattern for the baby. This procedure continued for as many trials as was necessary for the O to make a confident decision (yes or no) about whether or not the infant had a definite preference for one side of the plate. Only at this point, did the O turn the plate over and then record whether s/he was correct or not. If the observer judged that an infant showed a preference for a particular side, and that decision was correct, it was assumed that the infant could discriminate the target. If, after a sufficient number of trials, the O decided that there was no preference, then it was assumed that the infant could not make the discrimination. It is important to note that, as with the Teller acuity card procedure, the number of trials per plate varied across babies and thus, depended on the unique behavior of the individual infant. If the baby responded robustly and consistently to one side of the plate for 3-4 trials, that was typically enough information for the observer to make a confident decision. At other times, an infant may have been less consistent and therefore, more trials were required before a definitive decision could be made. In cases like this, 10-15 trials were typically needed, often with short breaks in between to re-orient the baby. As discussed above, given the apparent subjectivity of the procedure, it was critical for the observer to obtain sufficient information in order to make a confident judgement about the presumed location of the target. For any particular plate, there are three possible decisions (left, right, or no preference) and there are two possible outcomes of that decision (correct or incorrect). To preserve the integrity of this method, it was very important that incorrect left/right decisions (i.e., false alarms) be minimal. Thus, our strategy was to train observers to adopt a very conservative criterion (i.e., obtain ample evidence) before any decision was made. If a false alarm occurred, that infant's data was discarded.
In the same setting, both color-normal and color-deficient adults were tested with the modified infant Pease and Allen plates, the full 38 plate version of the Ishihara pseudoisochromatic test, and the Farnsworth D-15 panel. Using a left/right forced-choice response, the modified Pease and Allen plates were presented for a total of 20 trials each and percent correct was recorded. The Ishihara plates and D-15 panel were each presented once using both the standard testing protocol and the recommended illumination.
Results
Infants
208 of the 216 infants tested (96%) completed the procedure, a rate very similar to that ($95%) reported for the Teller acuity cards (e.g., Clifford-Donaldson, Haynes, & Dobson, 2006). Among those 8 infants who did not finish the procedure, 6 were due to fussiness or inattention and 2 were due to an observer false alarm, (i.e., the O choosing the side of the card not containing the target). In both cases, the false alarm occurred with the R/G target. However, given that over 600 decisions were made during the course of the experiment, this error rate ($0.3%) is likely acceptable. Testing of each infant required an average time of 3.6 min (range = 2-10 min), a period slightly longer than that (2.4 min) typically required to complete a binocular Teller acuity card test (Getz et al., 1996) .
Overall, results showed that all babies easily detected the achromatic target, and, except for one female 6-month-old, all infants detected the target on the B/Y plate. The pattern however was much different for the R/G plate: Overall, only 112 of the 208 infants (54%) showed evidence of detecting the R/G target. However, as the solid bars in Fig. 1 show, this rate varied substantially across age, with 86% of the oldest infants (17-to-23-month-olds) showing evidence of detecting the R/G target, a failure rate (14%) that begins to approach the expected value ($8%) for all forms of R/G color deficiency within the general Caucasian population (Neitz & Neitz, 2001) . Conversely, younger infants reveal much higher relative rates of failure. Normal approximation to the binomial analyses (with p = 0.08, q = 0.92) confirmed that both 3-to-9-mo-olds (z = 18.69, p < 0.001) and 10-to-16-mo-olds (z = 12.36, p < 0.001), but not the older 17-to-23-mo-olds (z = 1.48, n.s.), showed significantly higher failure rates than the genetic expectation. Fig. 1 also reveals an interesting pattern between genders. Overall, more infant males (54%) than females (30%) failed to detect the R/G plate. Although this gender difference is expected based on genotypic variations within the general population, the difference observed here (24%) is greater than that expected between males and females ($6.5%). As the Figure reveals , the difference between genders is very high (about 40%) in the youngest infants and appears to decrease to a level among the oldest infants (9%) that is consistent with the genetic prediction between genders. Normal approximation to the binomial analyses confirmed that the gender difference was greater than expectation within both of the younger infant subgroups (both p < 0.001), but not within the older 17-to-23-mo-old group (z = 1.21, n.s.).
Adults
It was expected that those with fully normal color vision would see all targets on all plates, those with no color vision would see only see the achromatic demonstration plate, those with R/G deficiencies would see only the achromatic and the B/Y plates, and those with B/Y deficiencies, only the achromatic and R/G plates. Results showed that all 242 color-normal adults detected both the achromatic demonstration plate (as expected) and the B/Y plate on 100% of the trials. Therefore none of the adults possessed a blue-yellow color anomaly. Except for one male who performed at 90% correct, normal adults detected the R/G target 100% of the time. It is interesting to note that this one male scored normally on the Ishihara Plates (only 1 error) and the D-15 panel (only 1 crossing), but he took considerably more time than normal to complete both of these diagnostic tests.
As expected, performance differed for the 22 adults with identified R/G deficiencies. According to the standard criteria for both the Ishihara and the Farnsworth D-15 tests, 5 were classified as protan, and 17 as deutan. Among these, 14 adults were classified as possessing strong deficits (4 protan, 10 deutan) and the Fig. 1 . Failure rate across age for 3-to-23-month-old male and female infants (n = 208) tested with the red/green Pease and Allen pseudoisochromatic plate. Fig. 2 . Expected vs. observed pass rates for the red/green plate for color-normal adults, older infants (17-to-23 months), and adults with identified R/G deficiencies. remaining 8 were classified with moderate deficits (1 protan, 7 deutan), according to performance with the Ishihara plates. Except for one moderate deutan who identified the R/G plate on 85% of trials (classified here as a ''pass''), all of those identified with red/ green deficiencies performed at chance (40-65%) with the R/G plate. Fig. 2 summarizes overall performance by showing the failure rates for all adult groups, the oldest infant group (17-to-23-months-olds), and the expected R/G deficiency rate within the general Caucasian population. The results appear to validate the success of the pseudoisochromatic plates as they detected virtually all those adults with color deficiencies, did not falsely identify any color-normal adult as possessing a color deficiency, and the failure rate within the sample of older infants was not unreasonably higher than that expected within the general population.
Discussion
The results of the present study extend the original work of Pease and Allen (1988) by examining the usefulness of the pseudoisochromatic plates in young infants, a population which would benefit greatly from the early screening of color deficiencies. In particular, we modified the original prototype into a simpler format by developing larger and presumably more salient stimuli, and by incorporating an observer-based forced-choice preferential-looking procedure to judge stimulus detectability. Like the clinically successful Teller cards (McDonald et al., 1985) designed to assess early visual acuity, the current test proved to be time efficient and was also easy to administer, even in the youngest infants. Observers had little difficulty making forced-choice decisions about the apparent presence or absence of the stimulus on each plate, as the only response required by the infant was a natural reflex-like behavior towards the pattern, namely, a quick head and/or eye movement. Note that although most ($75%) of the data was collected by very experienced observers with extensive training in card-based FPL techniques, some of the observers were relatively inexperienced, yet they too reported little difficulty with the technique. Overall, the ease of administering the technique was evidenced by the low rate of apparently erroneous decisions (<1%), a result in keeping with Pease and Allen's (1988) previous observations of preschoolers. This suggests the emergence of both an efficient and accurate tool that is capable of screening the major R/G and B/Y deficiencies within early human color vision. In addition, the modified Pease and Allen technique also appears to possess validity, at least within the adults tested. The performance of both color-normal and color-deficient subjects compared well against that on both the Ishihara plates and the D-15 panel, both of which have high internal rates of test validity (Birch, 1993 (Birch, , 1997 . Moreover, no color-normal adult failed the Pease and Allen test (i.e., there were no false positives) and 95% of the adults who had identified R/G color anomalies could not detect the R/G target reliably.
Despite the success of administering the procedure within a clinically acceptable period (<5 min), results with the R/G plate demonstrated a relatively high failure rate among the younger infants, namely 74% of the 3-to-9-mo-olds and 50% of the 10-to-16-mo-olds. There are two possible explanations for these results. First, observer decisions about the detectability of the target are relatively conservative, as observers were trained to obtain clear evidence before deciding that the infant can indeed detect the target. Given the inattentiveness, variability, and sometimes sluggishness of younger infant behavior, obtaining sufficient information in order to make a confident decision can be sometimes problematic. Therefore, in the face of ambiguous information, the default decision of the observer is that the infant cannot detect the target. It is possible however, that either longer testing times or a repeated session could improve the testability and success rate with younger infants. As in all studies requiring overt behavioral responses, a related issue is the salience of the stimuli, namely the test targets. It is possible that if the simple square targets used here were enhanced to a more complex or a more interesting stimulus (e.g. a face), infants' motivation may have been enhanced and a different developmental pattern may have emerged.
The second, and perhaps more likely explanation for the high failure rate among younger infants, concerns the relative spectral locations of the stimuli on the R/G vs. the B/Y plate. The average vector distance between the point representing the background and the point representing the target for the B/Y plate on the tritanopic confusion line is much greater than the vector distance between the respective points on the protanopic/deuteranopic lines used to configure the R/G plate. For a color-deficient individual, the vector distance makes less difference, as most chromatic stimuli on the same respective confusion line are difficult to discriminate. However, for those who are color normal, relatively small differences within the color space may be difficult to discriminate under certain conditions, such as the presence of an uncorrected optical or neuro-ophthalmological anomaly, conditions of low illumination, and/or poor attention to the stimuli (Birch, 1993) . In this instance, larger vector differences (and thus larger perceived color contrast) render the target somewhat easier to discriminate. Thus, in the case of infants, most of whom are presumed to be genetically color normal, the apparently slow developmental emergence of the ability to discriminate the R/G target may be a function of the gradual maturation of the requisite optical, retinal and/or neural mechanisms required for such a subtle chromatic discrimination. Like color vision, there is ample evidence from developmental studies of visual acuity, stereoacuity and contrast sensitivity showing that the maturational fine-tuning of parvocellular-based visual functions network is not complete until school age . Therefore, future versions of the infant pseudoisochromatic plates would be wise to employ a R/G target with a larger vector distance from the background, thus providing a target that will promote an easier and more robust response from a color-normal infant.
This suggested remedy to improve the test will require however, the addition of not one, but two new R/G targets, given that it appears impossible to find a relatively large vector difference that is common to both a protanopic-and a deuteranopic-confusion axis. An additional advantage of the adoption of two such targets is that they allow the differentiation of protanopes from deuteranopes. However, as well as increasing test time, a disadvantage of targets with large vector differences is the reduced probability of detecting those with anomalous trichromacy. Current pseudoisochromatic tests, such as the Ishihara, employ some plates with elements representing relatively smaller vector differences within the color space, the goal of which is to help detect the milder forms of R/G deficiency. Perhaps then, a future solution for screening infants of all ages is to design two versions of the Pease and Allen R/G plates: one containing a R/G plate with a large vector difference targeted toward younger infants; and a second (the current version) with a R/G plate containing a smaller difference designed for older infants and toddlers. If an older child fails with this latter plate, then the R/G plate with the larger vector difference can be employed both to help grade the severity of the deficit as well as to differentiate whether the deficit has a protanopic or a deuteranopic basis.
A second important suggestion for future work would be to use the test to measure a sample of male infants longitudinally. In addition to superior information on early developmental patterns, such data would help demarcate the age at which relatively poor color discrimination signifies the identification of an infant with a true congenital color vision deficiency as opposed to an infant with a lingering developmental immaturity. Such information would also be important clinically as it provides an important reference point for more accurate diagnoses of the associated retinal and neural pathologies that can manifest themselves in the appearance of early color vision deficiencies.
An unexpected finding was the difference in performance between genders. Although it was expected that males would have a slightly higher proportion of failures due to the higher probability of congenital color vision deficiencies, the magnitude of the apparent gender difference was much greater than genetic expectation, especially among younger infants. Given that this difference in responding appeared to diminish with age, this suggests that human color vision may develop more rapidly in infant girls. There has been little direct investigation of gender differences in any aspect of human sensory development (Alexander and Wilcox, 2012) . However one study (Thorn et al., 1994) did report that binocularity developed faster in female infants, a result suggesting relatively advanced maturation of the striate visual cortex, also the neural substrate responsible for fine color discrimination (Livingstone & Hubel, 1988) . Note however that all of these suggestions of a gender difference (including ours') rest on the untested assumption that the male-female variation is not based on nonsensory factors such as early differences in motivation or attention. Nonetheless, at least for color vision, female superiority appears to persist into adulthood, both for sensitivity in the central (Abramov et al., 2012) as well as the peripheral retina (Murray et al., 2012) .
In conclusion, the results of the present study extend the lower age limit of diagnostic-oriented color vision testing in early human life. Additional modifications of the Pease and Allen test to include even ''simpler'' stimuli, such as those with broader spectral separation, or to encourage more persistence with individual infants (e.g., by repeat testing or by increasing stimulus salience), will likely extend the age range into even earlier infancy. Such advances in the development of the test will be of particular benefit for both scientists and clinicians interested in either the early identification of genetic color vision anomalies, the markers of the early integrity of the geniculostriate pathway (especially retinal photoreceptors), and/or the effects of early environmental insult on the development of important human neural systems.
